Simulated annual values were in general more accurate than simulated monthly values. 13 APEX predicted that improving irrigation management (change of irrigation system 14 and/or scheduling) will decrease N loads in IRF over current values by 45% (Akarsu), 15 40% (La Violada), and 8% (Sidi Rached). However, improved N fertilization only will 16 reduce N loads in IRF by 17% (Akarsu) or below 5% (La Violada and Sidi Rached). 17
Introduction 1
Irrigation is needed under Mediterranean climatic conditions to obtain profitable crop 2 yields. One of the main constraints of irrigated agriculture is off-site N pollution due to the 3 export of nitrate loads in its irrigation return flows (IRF) (Aragüés and Tanji models can be applied to assess best management practices aimed at controlling N loads in 17 in Akarsu, they were considered to be the same for each crop. In La Violada and Sidi Rached 1 the interviews allowed to determine the N applied to the crops each year (Table 3) . 2 The irrigation applied in La Violada was not available at the plot level, and it was 3 assumed to be the same for a given area with a given crop and soil type. This was the typical 4 situation reported in farmer's interviews because in surface irrigation the soil type defines the 5 water holding capacity and the irrigation interval. Thus, La Violada was divided into 58 6 subareas with the same soil-crop rotation-irrigation management. At Akarsu and Sidi Rached 7 the water holding capacities of the different soil types were similar so that the same irrigation 8 depths were considered for each crop in all soil types and the subareas (29 in Akarsu and 7 in 9
Sidi Rached) were defined in terms of the soil-crop rotations. 10 APEX allows flow routing considering the exact locations of the subareas. However, 11 only one IRF measurement station existed in each watershed and not detailed information was 12 available at the plot level. Consequently, no real location flow routing but just addition of the 13 IRF from the different subareas was simulated. The olive crop grown in La Violada was not 14 simulated because it was not included in APEX. This crop covered less than 2% of La 15 Violada watershed and it was drip irrigated, so low N losses are expected. 16 The first two hydrological years were used in each watershed for model calibration 17 Allen (1996) indicated that in order to validate a watershed model, several hydrological 22 components should be tested. Thus, annual evapotranspiration and average N concentration in 23 the IRF were used to test model performance. 24
APEX application: best management practices aimed at reducing N loads in IRF 1
APEX was used to assess the contributions of crops and soils and the effects of best 2 management practices on N concentrations and loads in the IRF of the three watersheds. Four 3 scenarios were tested: 1) current scenario, 2) improved irrigation, 3) improved N fertilization, 4 and 4) improved irrigation and N fertilization. The three improved scenarios differed in each 5 watershed because they were designed on the basis of its particular constraints and 6 inefficiencies in terms of irrigation and N fertilization management. The APEX model was 7 run for the same hydrological years used in the calibration and validation steps. 8
At Akarsu the improved irrigation scenario consisted in changing from surface to 9 sprinkler irrigation in maize, cotton and melon. This change allowed to apply irrigation as 10 required by crops. The required irrigation depths were calculated from the ETc of each crop 11 minus the effective precipitation (75% of precipitation). The calculations were made weekly 12 and the required irrigation depths were applied in one or two irrigations per week. Irrigation 13 depths ranged generally from 10 to 30 mm per irrigation event. The improved N fertilization 14 scenario consisted in applying the N fertilizer at optimum rates in maize, maize second crop, 15 and wheat (Table 4) . The optimum N rates were derived from local studies and the literature. 16 The improved irrigation and N fertilization scenario consisted in the combination of the 17 individual scenarios described above. 18
At La Violada the improved irrigation consisted in changing from surface to sprinkler 19 irrigation in all crops, which is the actual modernization taking place in this watershed. This 20 change allowed to apply irrigation as needed by each crop. The required irrigation was 21 calculated similarly to the Akarsu watershed. The improved N fertilization consisted in 22 applying the N fertilizer at optimum rates for the different crops (Table 4 ). In some crops as 23 maize, alfalfa and pepper the N applied was reduced, while in others as barley, wheat, 24 sunflower and ryegrass it was increased because farmers surveys showed that the amount of Napplied was below the optimum level. These optimum N rates were derived from local studies 1 and the literature. The improved irrigation and N fertilization scenario consisted in the 2 combination of the individual scenarios described above. 3
At Sidi Rached the improved irrigation scenario consisted in that the required irrigation 4 in citrus and grapes was automatically scheduled following the FAO CROPWAT model 5 (Smith, 1992 ) using the following criteria: irrigation started at 40 mm soil water depletion and 6 the irrigation depth applied was that needed to refill the soil to field capacity. The improved N 7 fertilization consisted in reducing the N fertilizer applied by 50% in all crops except citrus 8 (Table 4) . 9 10 underestimated ETc by 15% in the validation step ( Table 5 ). The discrepancy between 3 observed and APEX-simulated annual IRF was around ±20% in the calibration and validation 4 steps, whereas the discrepancy for the annual N loads were -8% and +27% in the calibration 5 years and +21% in the validation year (Table 5 ). However, the discrepancy between observed 6
Results
and simulated values of annual N concentration in the IRF ranged from -33% to +51%. When 7 considering the mean values for the three hydrological years, the discrepancy between 8 observed and simulated values was -6% for ETc, +8% for IRF, -8% for N concentration in 9 IRF and -5% for N loads in IRF. 10
The monthly APEX-simulated IRF and N loads were generally close to the observed 11
values showing a percent bias lower than 25% (Table 6) . However, N loads in the validation 12 year were underestimated during the non-irrigation season and overestimated during the July 13 to September irrigation months (Fig. 2) . Thus, the regressions between the simulated and 14 observed monthly N loads were not significant (P>0.05) (Table 6) showing that APEX did not 15 behave properly at the monthly basis for this variable. 16 In terms of soils and crops, APEX simulated that the highest N losses in IRF occurred in 17 the Arikli soil and in maize, melon and cotton, whereas the lowest N losses occurred in the 18
Yenice soil and in wheat, maize-second crop and citrus (Table 7) . (Table 5) . It 24 should be highlighted that even though ETc, IRF and N loads in IRF were much lower in 1 2008, APEX was able to simulate them properly, with errors of -4% (ETc), +15% (IRF), +7% 2 (N concentration) and +25% (N load) ( Table 5 ). When considering the mean values for the 3 three hydrological years, the discrepancies between observed and simulated values were 4 negligible ( Table 5) . 5 APEX-simulated and measured monthly values were quite close (Table 6 ), although IRF 6 and N loads were overestimated in some months of the 2008 irrigation season (Fig. 3) . The 7 regressions between the simulated and measured monthly IRF and N loads were significant (P 8 <0.05) and only the slope of IRF for the calibration period was different from 1 (Table 6) . 9
APEX-simulated N losses were much higher in soil type A (due to its lower depth and 10 water holding capacity, Table 2 ) than in soils C and D that occupy the largest area of the 11 watershed (Table 7) . Among the different crops, maize and pepper had the maximum N losses 12 due to high N applications in maize (about 300 kg N ha -1 ) and shallow rooting depths in 13 pepper. 14
Sidi Rached watershed 15
APEX overestimated annual ETc by more than 20% in the three hydrological years 16 (Table 5) 2007 (-45%). Given the relatively low N loads, these errors were equivalent to differences of 22 discrepancies between observed and simulated values were +24% for ETc, +11% for IRF, 1 -22% for N concentration in IRF and -19% for N loads in IRF (Table 5) . 2 APEX-simulated and measured monthly IRF and N loads were close in the three 3 hydrological years except for the IRF in the validation year that had a percent bias of 30% 4 ( Figure 4 , Table 6 ). The regressions between simulated and measured monthly IRF and N 5 loads were significant (P<0.01) and with slopes not different from 1 ( Table 6 ), showing that 6 APEX was able to properly simulate these monthly values. 7
In general, simulated N losses were higher in soil type I and lower in soil type III ( Table  8 7) due to its higher water holding capacity. The largest simulated N losses were found in 9 grapes and wheat-potato, although all values were below 20 kg ha -1 due to the low IRF typical 10 in drip-irrigated systems. 11
APEX application: best management practices aimed at reducing N loads in IRF 12

Akarsu watershed 13
APEX simulations indicate that the improved irrigation management scenario (change 14 from surface to sprinkler irrigation in maize, cotton and melon) would allow to reduce the 15 irrigation applied by 14%, while increasing ETc by 4% (Table 8 ). IRF will be reduced by 16 22%, N concentration in IRF by 30% and N load in IRF by 45% (Table 8) . APEX simulations 17
indicate that improving irrigation management would increase the yield of cotton by 25%, 18 while no improvements were found for the rest of crops (data not given). Considering the 19 different crops, improvement in irrigation management would reduce N losses by more than 20 50% in all crops, except in maize as second crop (Table 9) . 21
The improved N fertilization scenario (optimum N rates in maize and wheat) would 22 reduce the N concentration in IRF by 20% and the N load in IRF by 17% from values in the 23 current scenario (Table 8) . The improved N fertilization scenario had no effect on crop yields 1 (data not given), but it was very relevant to reduce N losses in maize (Table 9) . 2
In relation to the current scenario, the combination of improved irrigation and N 3 fertilization will reduce the N concentration in IRF by 35%, the N load in IRF by 48% (Table  4 8) and the N losses by 60% in maize and 31% in maize as second crop (Table 9) . 5
La Violada watershed 6
APEX simulations indicate that the improved irrigation management scenario (change 7 from surface to sprinkler irrigation in all crops) would allow to reduce the irrigation applied 8 by 12%, while increasing ETc by 15% (Table 8 ). Consequently, IRF will be reduced by 48% 9 and N load in IRF by 40%, whereas N concentration in IRF will increase by 19% (Table 8) . 10
The monthly N loads were lower and the monthly N concentrations higher than in the current 11 scenario, with the highest increases in N concentration in IRF occurring in the irrigated 12 seasons of the three studied years (Fig. 5) . Hence, the threshold N concentration of 10 mg 13 NO 3 -N L -1 for human consumption was exceeded in 5 months in the current scenario and in 14 11 months in the improved irrigation scenario ( Figure 5 ). APEX simulations indicate that the 15 change from surface to sprinkler irrigation would increase yields in alfalfa (18%), barley 16 (9%), maize (15%), ryegrass (34%), sunflower (30%) and wheat (15%) (data not given) and 17 would reduce the N losses by more than 50% in most crops (Table 9) . 18
The improved N fertilization scenario (optimum N applications to all crops) would 19 reduce the N load in IRF only by 3% and will not change the N concentration in IRF (Table  20 8), will have a negligible effect on crop yields (data not given) and will reduce N losses in 21 alfalfa but not in the other crops. Moreover, this scenario increased the N losses in crops 22 where N applications increased over those in the current scenario (barley, ryegrass, sunflower 23 and wheat) ( Table 9 ).
The combination of improved irrigation and N fertilization management produced 1 similar IRF, N concentration in IRF and N load in IRF than in the improved irrigation 2 scenario (Table 8) , increased yields in barley (10%), ryegrass (43%), sunflower (40%) and 3 wheat (20%), and significantly reduced N losses in alfalfa but not in the rest of crops in 4 relation to respective losses in the improved irrigation scenario (Table 9) . 5
Sidi Rached watershed 6
APEX simulations indicate that the improved irrigation management scenario (citrus 7 and grapes irrigated following the FAO CROPWAT model) would have similar irrigation and 8
ETc values than the current scenario. Therefore, changes in IRF, N concentration in IRF and 9 N load in IRF over those in the current scenario were also low (-3%, -4%, and -8%, 10 respectively) (Table 8 ), although N loads will be reduced by 27% in citrus and by 12% in 11 grapes (Table 9) . 12
The improved N fertilization scenario (50% reduction in N applied to all crops) would 13 reduce the N concentration and load in IRF by 5% (Table 8 ), whereas N losses will be 14 reduced only by 3% in all crops in relation to those in the current scenario (Table 9) . 15 The improvement of both irrigation and N fertilization management would reduce the 16 N concentration in IRF by 7% and the N load in IRF by 12% over those in the current 17 scenario (Table 8) . Crop yields remained the same in all simulated scenarios (data not given). 18 19 20 for its measurement in multicrop agricultural watersheds. We calculated ETc with a daily soilwater balance for each crop and soil type to get actual rather than potential values, but this 1 approach estimates rather than measures ETc. Taking this limitation into account, ETc 2 estimates using APEX were considered satisfactory in Akarsu and La Violada (errors < 15%, 3 resulting in a relatively high RMSE and low R 2 in some cases, but with a percent bias 12 generally lower than 25% (Table 6) increase ETc by 4-15%, and will increase yields by 9-34% in all crops. These results agree 24 with the well established relationship between increased evapotranspiration and increasedyield (Howell, 1990 ). In the case of Sidi Rached, the improved irrigation scenario did not 1 result in significant increases in ETc and yields, probably because drip irrigation management 2 was already adequate to meet crop water needs. 
Discussion
